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Abstract: Time distributions of neutral molecules desorbed from a chemisorbed self-assembled monolayer of
phenylethanethiol on gold have been measured subsequent to 8 keVanér H™ ion bombardment. These
distributions show that, regardless of the projectile used, most of the ejected molecules leave the surface with thermal
kinetic energies+0.03 eV). The shapes of the distributions have a strong surface temperature dependence over the
range 246-300 K. This behavior is well described by a convolution of the MaxwBlbltzmann distribution and

the rate equation for first-order desorption. The results imply that kiloelectronvolt ion bombardment initiates a
process which breaks the adsorbagarface bond, leaving the resulting physisorbed molecules to evaporate after
attaining thermal equilibrium with the substrate. A mechanism for this gentle cleavage of the adssubateate

bond is proposed.

Introduction Understanding events which lead to molecular desorption is
There has been much recent interest in surfaces bearing'mporteInt since methods utilizing these probes are rapidly

covalently bound molecules. Examples of such surfaces includeexpandmgleas a means for chemically mapping complex
self-assembled monolayers on metal substistesd a variety surfaces: Ther_e is a great deal of qualitative information
of molecules bound to polystyrene sphetesThese thin abopt.thelm'echamsms by whl'ch.molec.ulgs desorb, a}lthough S0
molecular films vary in thickness from ten to a few hundred far it IS d|ff|clu|t't(.) makea priori predlctlons.re.gardlng the
angstroms and may be tailored to have desired physical andbehawor of individual systems. Such predlctlong require a
chemical properties. Molecular surfaces of this type are usedfundamgntal understanding of how the .eve.nts initiated by
to control both wetting propertiéand biological compatibility. energehc probes lead to the eventual ejection of molecular
They are also used extensively in combinatorial synthesis andSPeCes from the surface.. o
in the immobilization of biomolecules on surfacde8. Although In the present work, the time distributions of neutral molecules
mass spectrometric techniques have been among the mosPl fragments desorbed from a self-assembled monolayer of
powerful in characterizing these types of materials, the presencePhenylethanethiol on gold upon pulsed kiloelectronvolt ion
of the covalent bond often makes the analysis difficult without Pombardment are reported. Translational energies and desorp-
first chemically releasing the target molecule by clipping at the tion delay times obtained from these measurements provide
attachment site. elementary information about neutral molecule desorption which
Energetic probes, such as fast partitiésand photons? play is decoupled from th(_a ionization processes. The time o_Iepen-
a central role in the characterization of molecular solids. dence of the desorption event was obtained by measuring the
time between a pulsed ion/surface collision and the arrival of
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Surface Figure 2. Time distributions for desorbed neutral molecules obtained
using the At and H* projectiles. The abscissa corresponds to the
o 1 delay between the primary ion impact (time 0) and the ionizing laser
Primary ion pulse at surface pulse. The ordinate is thevz 105 photoion signal produced by the
Grid on _ laser pulse and is proportional to the density of neutral molecules in
I the laser plane. See the text for details as to the neutral precursor of
Laser pulse m/z105. The high and low translational energy components are labeled
Detector on M. A and B, respectively. The high-energy component (peak A) is
e or Ol

compared to the time distribution of sputtered,Ainset).

Time

. . | ‘ lecti q | ved the ionization step leads to uncertainty in the identity of the desorbed
Figure 1. Experimental setup for collecting energy and angle-resolved gy species. All fitting procedures and timenergy coordinate

neutral particle distributions. transformations were carried out by assuming 105 Da to be the mass
) ) of the desorbed neutral molecule. The implications of this assumption
Experimental Section are discussed later. Second, time resolution increases as the distance

between the surface and laser plane is increased but occurs with a
corresponding decrease in signal intensity. Finally, the measurements
must be made under static conditions in which damage inflicted to the
surface over the course of the experiment is minimal. In our case, the
total dose was kept below I0incident ions/cr

Self-assembled monolayers were prepared by immersing vapor-

Desorption from a self-assembled monolayer (SAM) of phenyle-
thanethiol on gold was initiated by 8 keV, 500 ns pulses of érH,"
ions focused omta 3 mmspot on the sample. Soon after ion impact
an extraction field was applied to reject all sputtered ions. Ejected
neutral molecules were detected by multiphoton ionization (MPI) using

266 nm, 6 ns, photon pulses (3 mJ/pulse) from a frequency quadrupled . : - o
Spectra Physics GCR-5 Nd-YAG laser. The laser beam was focuseddeposned gold substrates in 30 mM solutlpns of phenylethanethlo_l in
ethanol. The gold substrates were kept in solution for at least five

to a ribbon shape parallel to the surface plane, located ca. 1 cm above : ] : . o
. ays prior to use and were rinsed with ethanol before introduction into
the surface. Accurate surface to laser distance measurements were ma . ; 0

e UHV analysis chamber which had a base pressure »f1%®-

using a telescope mounted on a micrometer before each experiment.l.
. ) — orr.

A diagram of the apparatus is shown in Figure 1.

The density of molecules passing through the laser plane was Results and Discussion
recorded as a function of time by systematically varying the time delay
between the primary ion and laser pul&&g his time delay corresponds Projectile Dependence.Room temperature desorption pro-
to the flight time of the neutral molecule from the surface to the laser files for phenylethanethiol obtained using thetAand H*
plane plus any measurable delay time to ejection from the surface. Theprojectiles are shown in Figure 2. These distributions represent
photoionized neutral molecules were subsequently detected by time-the time profile of the plume of neutral molecules passing
of-flight (TOF) mass spectrometry using a gated position sensitive 4,9 the laser plane. In general, the shapes of the profiles
microchannel plate detector. The image was displayed on a phosphorobtained using the two projectiles are similar. The maximum

screen and monitored by a charge-couple-device camera interfaced tod itv of d bed | | th h the | |
a Pentium PC computer for data storage and processing. While this Y¢Sty Of 0€Sorbed molecules passes through the laser plane

mode of operation enables accurate angular and time base measure@PProximately 4Qus (peak B) after primary ion impact. An
ments, the gated detector provides a mass resolution of approximately2dditional feature (peak A) is present in the profile produced
20 atm/z 100. Desorption profiles were obtained after averaging 100 by the Ar* ion projectile. Upon performing the coordinate
laser shots at each delay time. The primary ion angle of incidence transformation to kinetic energy coordinates, it is found that
was 45. The signal intensity normal to the surface was maximum, peaks A and B correspond to approximately 1 and 0.03 eV,
and the desorbed neutral molecules were monitored® atv@r an respectively.

angular range of:20°. The desorption profiles were recorded by High-Energy Component. The kinetic energies of the
monitoring the intensity of ions falling in a time-gated mass window e tral molecules comprising peak A lie within the range usually
gggiﬁ[ﬂei?mﬂ? ﬁgls'un'(;’:rst;:”énn%u'; thceg:gitriﬁzge 102107 observed for atoms sputtered from clean metal surfaces.

9 9 ' Comparing the profiles of sputtered Aand phenylethanethiol

Measuring the time distributions of desorbed neutral molecules bombard t with ATi . t Ei 2 sh that
presents several experimental difficulties. First, translational energy YPON dombardment with Arions (inset Figure 2) shows tha

determinations require accurate measurement of the distance betweeff1€S€ WO Species have nearly the same desorption profiles and

the surface and laser plane, and knowledge of the exact mass of thehence leave the surface with the same velocity. This observa-

molecule. The fact that photofragmentation is likely to occur during tion, along with the minimal intensity of both peak A and

: : sputtered gold when using the lightes'Horojectile, indicates

N (slg)eﬁf:tglgngzl'ztéhl_éé_f e 1.N.W.;Zhou, ¥.; Benkovic, S. J.; Winograd,  that this small, high-energy component is initiated by momentum
(18) Kobrin, P. H.: Schick, G. A.: Baxter, J. P.: Winograd, Rev. Sci. transfer from the projectile to the gold substrate and finally to

Instrum.1986 57, 1354. the organic layer.
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Figure 3. Translational energy distribution (flux) for desorbed neutral T = 0.62 usec

molecules calculated by transforming peak B (Figure 1). The width * 00,0 00 °
of the bar indicates the error introduced due to the uncertainty in the & % T =76 usec
mass of the neutral precursorr¥z 105 which is assumed to fall within RIS
the rangemvz 105-138. i ©

Tep=240 K

exp

Ty=291K

The collision cascade model for atomic solids provides an @ o ¢
analytical expression for kinetic energy distributions of sputtered o
atomic specie&?2° Though it cannot be directly applied to
molecular ejection, similarity between the energy distributions e
of substrate atoms and adsorbate molecules can be used to
correlate the ejection of molecules to a ballistic process.
Molecular dynamics simulations and experiments of kiloelec- Time (us)
tronvolt ion bombardment of l/Ag{111} have shown that  Figure 4. Time distributions (density) obtained at surface temperatures
the kinetic energy distributions of the ejected neutral benzene of 300 K (solid symbols) and 240 K (open symbols). The intensity of
and silver are simila#® Collisions originating in the silver each distribution has been scaled to a maximum value of 1. The solid
substrate lead to the ejection of benzene molecules with energiegurves indicate the nonlinear least-squares fit with (a) a simple
around 1 eV. The ejection of phenylethanethiol molecules with Maxwell—Boltzmann distribution (eq 1) and (b) the convolution of the

energies around 1 eV (peak A, Figure 2) is due to a ballistic Maxwel]—BoItzmann distribution with the rate equation for first-order
process desorption (eq 2).

Low-Energy Component. The low-energy component (peak  tions obtained at 300 and 240 K using the"Hprojectile are
B, Figure 2) is of particular interest since it indicates that most plotted as points in Figure 4a. As the surface is cooled, the
of the desorbed molecules leave the surface with extremely low gistribution broadens and shifts toward higher time. The same
translational energies. The corresponding translational energytemperature dependent behavior was observed using the Ar
distribution (Figure 3), which peaks near 0.03 eV, is indicative ion projectile. The solid curves show the MaxweBoltzmann

of equilibrated room temperature molecules and suggests thalgistribution (eq 1) which has been fit to the data at each
the translational energy of the molecules is dependent upon the

' 1 b

50 100 150 200

o

macroscopic surface temperature. This is unexpected, especially I(t) = Ct * explmd/2kT?) 1)
when considering that desorption involves cleavage of a strong
Au—S or S-C bond with an energy of23 eV2223 An initial temperature using a nonlinear least-squares algorithm. The

conclusion is that the impact of kiloelectronvolt particles initiates time—density form of the MaxwettBoltzmann distribution is
a process which cleaves the surface linkage in a manner whichshown in eq 1 wheren is the mass of the desorbed molecule,
is gentle enough to allow the nascent species to remaind is the distance from the surface to the laser pldns,the
physisorbed and become thermally equilibrated with the sub- delay between primary ion impact and the firing of the la3er,
strate before desorbing. An additional point is that the shape is the translational temperature of the desorbed moleckiiss,
and position of peak B are independent of projectile mass. Thisthe Boltzmann constant, ard is a proportionality constant.
is strong evidence that momentum transfer via the gold substrateThe room temperature data are fit well by this equation and
is not directly involved with the bond cleavage process. yield a temperature parametdr, of 305 K which agrees well
However, the signal produced by theAion projectile was with the experimental value of 300 K. However, the 240 K
approximately 4 times greater than that produced by thie H  distribution is not well fit and yields an unreasonable temper-
projectile, meaning energy deposited into the substrate mayature of 56 K. Hence, while the macroscopic surface temper-
influence the yield of low-energy neutral molecules from the ature has a pronounced effect on the desorption profile, the shift
organic film via a secondary effect. toward higher time at lower temperatures cannot be explained
To help unravel the mechanisms involved, desorption profiles solely on the basis of kinetic energy effects.
were recorded at different temperatures. Experimental distribu-  Further insights were made into this phenomenon by focusing
on the experimental time variable which corresponds to the delay
between the primary ion impact and laser pulse. If desorption

(19) Thomson, M. WPhilos. Mag.1968 18, 377.
(20) Sigmund, PPhys. Re. 1969 184, 383;1969 187, 768.

(21) Chatterjee, R.; Garrison, B.Radiat. Eff. Defects Solidsubmitted is instantaneous, then the time delay corresponds to the flight
for publication. time of an ejected neutral molecule from the surface to the laser.
4322 Dubois, L H Nuzzo, R. GAnnu. Re. Phys. Chem1992 43 This assumption was used when fitting eq 1 to the data in Figure

(23) Lias, S. G., Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, 4@. However, given the low kinetic energies observed at room
R. D.; Mallard, W.G.J. Phys. Chem. Ref. Dat988 17, Suppl 1. temperature which point toward a thermal equilibrium process
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Table 1. Average of Six Fitted Values of andt Obtained from
Eq 2 at Each Surface Temperatiire
Texp (K) av Tm (K) o av Tt (MS) o

300+ 3 310 17 0.42 0.2
270+ 5 323 18 20 3
240+ 10 311 50 76 16

lon-beam induced
| desorption
MPI

Intensity (arbitrary units)

prior to desorption, it is not unreasonable that desorption time
delays may occur as the surface temperature decreases. Under
low-temperature conditions, at any given time fewer molecules
have enough kinetic energy to escape the surface potential well.
Under these conditions desorption is viewed as a process
described by first-order kinetics with a rate that is dependent
on the surface temperature. Upon desorption, the molecule will
traverse the distance from the surface to the laser with a kinetic
energy that is related to the surface temperature.

This model was applied by altering eq 1 to include a

3 Gas phase
I MPI

Intensity (arbitrary units)

desorption delay te'rm.. Th|s for.m corre;ponds toa convolu'tlon 30 80 130 180 230 280

of the Boltzmann distribution with the first-order rate equation miz

as shown in eq 2 whereis the delay between primary ion Figure 5. MPI mass spectra using a focused 266 nm laser beam (3
mJ/pulse). Spectrum a displays the laser-ionized neutral molecules

I(t) = Cft,tzo[(t — )" * exp-md72kT(t — t)?)] exp(~t'/7) desorbed by the pulsed ion beam (solid line). A background scan
(dotted line) obtained in the absence of the pulsed ion beam is also
2) shown. Spectrum b shows the gas phase MPI spectrum of phenyle-
thanethiol introduced into the chamber to obtain a pressure »of 1
impact and the firing of the laset,is the desorption delay; 10°° Torr.

is the translational temperature of the desorbed molecules, and
7 is the mean delay to desorption. This equation was fit to the
experimental data by allowing adjustment®f T, andz. A
resulting fit obtained at 300 and 240 K is displayed in Figure
4b. Note that eq 2 provides a good fit to the experimental data
at both room temperature and when the substrate is cooled.
Desorption profiles were obtained at three surface temperatures
and at six different sample-to-laser distances. Each distribution
was well fit by eq 2, and the average fitted valuesTaind t
obtained at each surface temperature are shown in Table 1.

At 300 K there is almost no measurable delay to desorption, il
7 < 1us (Table 1). Thisis in agreement with the fact that the 50 100 150 200
data obtained at this surface temperature are also well fit by a miz
the Sample 1 cooled here is a marked increase inhe delay tG9U1E 6, MP! mass specirum ofneutal moleculs after desorpion

. . Oby 30 keV Gd projectile ions and ionization by a 266 nm, 300 fs

desorption. When the substrate is cooled to 270 K, the average|aser pulse at a laser intensity of 1.8810° W/cn?.
desorption delay time is 20s, and this delay increases to 76
us upon further cooling to 240 K. The fitted values TofTable from a larger neutral precursor (e.g.sHsCH.CH,S or
1) indicate there is no discernible change in the translational CsHsCH,CH,SH) and that photofragmentation to form the
temperature of the molecules over the temperature rangedetected lower mass species occurs during the ionization process.
investigated. Specifically, an expected trend toward lower It is also possible that neutral moleculesmofz ~105 may be
translational energy at lower surface temperature is not observedemitted directly from the surface, or that both scenarios may
Note, however, that a change in translational temperature from contribute to the detected signal neaz 105. No molecular
300 to 240 K corresponds to a change of only 0.002 eV in the ion was observed in the postionization mass spectrum even at
mean Maxwel-Boltzmann translational energy and a corre- near threshold laser power, and a nearly identical spectrum was
sponding shift of only G:s in the time distribution. In addition,  obtained from multiphoton ionization of gaseous phenyle-
the uncertainty in the fitted” values increases as the surface thanethiol (Figure 5), although shifts éf1 Da would not be
temperature decreases (Table 1) due to a lower signal-to-noisedetected under the ensuing low-resolution condition. This
ratio. Itis believed that these factors preclude the observationindicates that if the desorbed neutral molecule is phenyle-
of a small kinetic energy shift over the narrow temperature range thanethiol, then it would be detected m&z 105, but does not

Intensity (arbitrary units)

investigated. rule out the possibility that a molecule havingréz near 105
Considerations Pertaining to the Mass of the Ejected is emitted directly from the surface.
Neutral Molecules. Fitting the Maxwell-Boltzmann equation Additional experiments were performed in which neutral

to the data requires knowledge of the mass of the neutral molecules ejected from this surface were ionized by femtosecond
molecular species desorbed from the surface. Some uncertainty266 nm radiation pulses in a high-resolution reflectron time-
is introduced by monitoring the ion signal a 5 Dawindow of-flight instrument (Figure 6). In this experiment desorption
centered aroundvz 105. The fact that photofragmentation may was initiated by 30 keV Gaions. This spectrum differs
occur during the ionization step introduces additional uncertainty significantly from the one obtained using the nanosecond laser,
as to the exact mass and identity of the desorbed species. It isalthough this is not unexpected given the dramatic differences
possible that ions in the window aroumd/z 105 originate often observed between nanosecond and femtosecond ionization
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. molecules. The nascent physisorbed molecules desorb from the
15 e k=A% exp(EL/RT) surface with a MaxweltBoltzmann translational energy dis-
14F ' E,=05eV tribution and at a rate which depends on the temperature of the
[ surface.
187 A=3x10™ Cleaving the Covalent Surface Linkage. An unanswered
< 12} guestion is how the impact of a high-energy primary ion breaks
£ 1 i the adsorbatesubstrate bond in a manner gentle enough to
allow the nascent molecule to remain trapped at the surface.
10r . Direct bond scission, initiated by a ballistic interaction or another
9t process, is unlikely since such an event would inevitably impart
8 [ energies significantly greater than the bond energy and result
L . . . . . in immediate desorption at nonthermal energies. While the
3.2 34 36 38 4.0 42 44 process responsible for cleavage of theAd or C—S adsorbate

(m * 10° surface bond warrants further investigation, a mechanism
Figure 7. An Arrhenius plot of the experimental points and best fit ~consistent with the above observations is cleavage by a chemical
line. Values fork were determined from the mean delay times using reaction. Many of the surface molecules near the primary ion
egs 2 and 3. impact zone will be severely damaged and yield highly reactive

species such as *Hand other ionic or neutral molecular
processed! The use of Gaions in place of Af ions is not  fragments?’ It is feasible that these unstable species may react
expected to strongly influence the observed result. Animportant with intact molecules and sever the surface bond. Bond
feature is the presence of an ionmaftz 135. The presence of  cleavage by reaction should be more gentle than direct bond
this ion indicates that intact molecular or pseudomolecular scission and is more likely to form low translational energy
thiolate species are ejected from the surface as neutral molecule@rodumS which may be trapped at the surface. A possible
upon high-energy ion bombardment. Prominent ions also appearscenario is shown in reaction I. Direct scission of the sufur
atm/z 104 and 91, but it is not possible to ascertain whether or
not photofragmentation is involved in their formation. The peak C.H.CH,CH,S— AU+ H' — C4HsCH,CH,S—H + Aug,
atm/z 197 is from ejected neutral gold atoms which are readily
photoionized. ()
As mentioned above all coordinate transformations and curve- ] ) ] )

fitting procedures were carried out assuming 105 to be the ~ gold bond is endothermic by approximately 2 &/while
mass of the neutral precursor. The fact that at least some thecléavage by reaction with a hydrogen radical is estimated to be
desorbed neutral molecules have masses néarl35 will exothermic by 1.7 eV? _ _
introduce some error into the translational energy measurements. Several factors should be reemphasized here. As mentioned
Maximum error will occur if all of the ejected neutral molecules @bove, the neutral precursor(s) to th 105 ion, used to record
had masses in the range/z 135-138. This worst case the time profiles, is not known since photofragment_ann
condition would increase the fitted Boltzmann temperatures by Of possible larger neutral molecules to form/z 105 is
approximately 90 K, yielding translational temperatures of about Possible. Reasonable candidates agdsCH,CH® (m/z 105),
400 K. However, it is important to realize that the fitted value CsHsCH2CH,S (Wz 137), GHsCH,CH,S—H (m/z 138), or
of 7 is not affected by the mass of the ejected molecule, and larger species of the formg8sCH,CH,S—R. Not knowing the
the desorption delay is not influenced by this uncertainty in the specific identity of the neutral species precludes postulation of
mass of the neutral molecule. a chemically specific reaction mechanism. However, regardless

significance is that most of the change in the profiles as a oPservation of near thermal translational energies and delayed
function of temperature is due to the desorption delay. Since €jection make a violent direct bond scission unlikely. Bond
the rate constank, for the desorption process is the reciprocal Ccleéavage by a surface reaction is a more likely alternative which

of the 7 parameter (eq 3), the activation enerd can be IS consistent with the observed behavior.
While the occurrence of a reaction is unproven, several factors
k=1 (3) are in accord with this or a similar process. First, the cleavage

by a reaction is energetically favorable. Although such reactions
determined using the Arrhenius equation. The corresponding may have exothermicities which are on the order of the surface
plot, which is displayed in Figure 7, yields a binding energy of binding energy of the nascent physisorbed species, this should
0.5 eV which is in the range expected for physisorbed organic not preclude surface trapping since the excess energy is

molecules on metal surfac&s?® A value of ~3 x 10" was distributed between translational and internal modes. Note that
obtained for the preexponential factor and is consistent with a a larger precursor is not a necessity for reaction. For example,
first-order process. we do not rule out the occurrence of reaction Il or other similar

All of these features are characteristic of thermalized mol-
ecules evaporating from a surface. An ensuing picture is that C;H;CH,CH,S—Au, + H —
desorption occurs via a two-step process consisting of (i) . e
cleavage of an adsorbatsurface bond or a bond within the CeHsCH,CH,' + H=S—Au (n
adsorbate and (ii) surface trapping (physisorption) which

eventually leads to evaporation of the thermally equilibrated processes. Second, the release of bound surface molecules by

reaction with hydrogen radicals produced from nearby damaged

(24) Weinkauf, R.; Aicher, P.; Wesley, G.; Grotemeyer, J.; Schlag, E. surface molecules has been observed in molecular dynamics
W. J. Phys. Chem1994 98, 8381.

(25) Xi, M.; Yang, M. X.; Jo, S. K.; Bent, B. EJ. Chem. Phys1994 (27) Taylor, R. S.; Garrison, B. lLangmuir1995 11, 1220.
101, 9122. (28) AHx, was calculated using the following parameteEXRS—Au(s))
(26) Dubois, L. H.; Zegarski, B. R.; Nuzzo, R. G.Chem. Phys1993 =2 eV (ref 22);D(RS—H) = 3.7 eV which isAH, for the process CtSH

98, 678. — CHgS + H* (ref 23).
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simulations?” In addition, reactions between low-energy ions ion projectiles. The temperature dependent desorption profiles
and adsorbate molecules often result in the abstraction ofof the low kinetic energy component are well fit by a
covalently bound surface specf@sFinally, the 4-fold increase  convolution of the Maxwel-Boltzmann distribution with the

in signal observed using Arions as a primary ion is in accord  rate equation for first-order desorption. The results implicate
with such a mechanism since the increased energy depositedh two-step desorption mechanism consisting of (i) breakage of
into the substrate by this heavier projectile will likely induce the covalent surface linkage followed by (ii) thermal equilibra-
additional damage to the molecular overlayer and thereby tion and evaporation. A mechanism has been suggested for

increase the number of reactive precursors. gentle cleavage of the surface linkage. This proposed mecha-
. nism involves a reaction between the adsorbate and radicals or
Conclusion other high-energy species formed during the bombardment

The time dependent desorption profiles of ion-beam-desorbed process. The (_aX|stence of such a meghanlsm would provide a
neutral molecules from a self-assembled monolayer of phenyle- partial explanation for the facF that thg yield of neutral mo[ecules
thanethiol have been measured subsequent to 8 keV ion_Often greatly exc.??ds the yield Of_ ions and reem_pha5|zes the
bombardment. The effect of projectile mass has been used tomportance of utlllzm_g laser techniques for detection of these
separate ballistic and thermal desorption processes. While aheutral surface species.
minor collision-induced ejection is observed only with the
heavier Af primary ion, most molecules desorb with very low s
thermal kinetic energies using both#Aand much lighter K"
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